Receptor malfunction might be involved in human obesity and obesity-associated diabetes. Herein, we have performed experiments to understand the molecular mechanisms associated with the L250Q human Melanocortin-4-Receptor polymorphism discovered in an extremely obese woman. This L250Q human Melanocortin-4-Receptor has been pharmacologically characterized to result in a constitutively active receptor. The fact that a constitutively active human Melanocortin-4-Receptor mutation was found in an obese person is a physiologic contradiction, as chronic activation of the human Melanocortin-4-Receptor and subsequently high cyclic adenosine monophosphate levels should theoretically result in a normal or lean phenotype. In this study, we demonstrated that agouti-related protein acts as an inverse agonist at this constitutively active receptor, and we propose a mechanism by which agouti-related protein might contribute to the obese phenotype in the L250Q patient. In addition, using receptor mutagenesis, pharmacology, and computer modeling approaches, we investigated the molecular mechanism by which modification of the L250 residue results in constitutive activation of the human Melanocortin-4-Receptor.
The Melanocortin-4 Receptor is a G-protein coupled receptor that has been physiologically linked to participate in the regulation of energy homeostasis. The Melanocortin-4 Receptor is stimulated by endogenous melanocortin agonists derived from the pro-opiomelanocortin gene transcript and antagonized by the endogenous antagonist agouti-related protein. Central administration of melanocortin agonists has been demonstrated to decrease food intake and conversely, treatment with antagonists resulted in increased food intake. Deletion of the Melanocortin-4 Receptor gene from the mouse genome results in an obese and hyperphagic phenotype. Polymorphisms of the human Melanocortin-4-Receptor have been found in severely obese individuals, suggesting that Melanocortin-4 Receptor malfunction might be involved in human obesity and obesity-associated diabetes. Herein, we have performed experiments to understand the molecular mechanisms associated with the L250Q human Melanocortin-4-Receptor polymorphism discovered in an extremely obese woman. This L250Q human Melanocortin-4-Receptor has been pharmacologically characterized to result in a constitutively active receptor. The fact that a constitutively active human Melanocortin-4-Receptor mutation was found in an obese person is a physiologic contradiction, as chronic activation of the human Melanocortin-4-Receptor and subsequently high cyclic adenosine monophosphate levels should theoretically result in a normal or lean phenotype. In this study, we demonstrated that agouti-related protein acts as an inverse agonist at this constitutively active receptor, and we propose a mechanism by which agouti-related protein might contribute to the obese phenotype in the L250Q patient. In addition, using receptor mutagenesis, pharmacology, and computer modeling approaches, we investigated the molecular mechanism by which modification of the L250 residue results in constitutive activation of the human Melanocortin-4-Receptor.
The melanocortin system consists of five melanocortin receptors (MCRs) that are expressed differentially throughout the body and belong to the superfamily of G-protein coupled receptors (GPCRs) that stimulate the cyclic adenosine monophosphate (cAMP) signal transduction pathway (1-7). The melanocortin pathway includes endogenous agonists and the only two known endogenous antagonists of GPCRs, agouti and agouti-related protein (AGRP) (8, 9) . The melanotropin peptides, a-, b-and c-melanocyte-stimulating hormone (MSH) and adrenocorticotropin hormone (ACTH), are the endogenous agonists of the MCRs that are derived by posttranslational processing of the precursor hormone pro-opiomelanocortin (POMC) (10, 11) . Physiologically, the melanocortin system has been identified to participate in the regulation of feeding behavior, obesity, and energy homeostasis in rodents as well as in humans (12) (13) (14) (15) (16) (17) (18) . It has been demonstrated that targeted disruption of the Melanocortin-4 Receptor (MC4R) gene in mice results in hyperphagia, obesity, increased linear growth, and hyperinsulinemia (16) . Additionally, pharmacologic studies of intracerebroventricular (ICV) injection of the synthetic melanocortin agonist MTII (19) inhibits feeding in mice, and this effect can be blocked by co-administration of the MC3R and MC4R antagonist SHU9119 (14, 20) . The endogenous MC3R and MC4R antagonist AGRP (8, 21) when administered centrally, produces a sustained increase in food intake observed for days (22, 23) . Ectopic expression of the AGRP protein in transgenic mice results in hyperphagia and obesity (8, 24) . In vitro pharmacologic studies have demonstrated that AGRP is a competitive antagonist of a-MSH at the centrally expressing MC3R and MC4R (8) , and also possesses inverse agonist activity at the MC4R (25) (26) (27) . The inverse agonist activity of AGRP at the MC4R implicates an alternative physiologic mechanism of AGRP function in addition to simple competitive antagonism of a-MSH at MCRs.
In humans, more than 50 different single nucleotide polymorphisms (SNPs) of the MC4R gene have been discovered (17, 18, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . One of these human MC4R polymorphisms, L250Q (GPCR residue i.d. ¼ 6.40), is putatively located at the intracellular end of the transmembrane 6 (TM6) domain. The L250Q human Melanocortin-4-Receptor (hMC4R) was identified in an extremely obese French female patient and when characterized pharmacologically in vitro, resulted in the discovery of the first constitutively active hMC4R (17) . Constitutive activation of the L250Q hMC4R resulted in elevated basal cAMP levels of the receptor in the absence of agonist stimulation (17) . The fact that a constitutively active hMC4R mutation was found in an obese person is a paradox, because chronic activation of the hMC4R and subsequently high cAMP levels should theoretically result in a normal or lean phenotype. Thus, the molecular mechanism by which this L250Q hMC4R polymorphism is involved in human obesity is not yet understood at a molecular level and initiated the study reported herein.
Materials and Methods

Materials
Peptides used in this study were purchased from commercial sources, a-MSH, 4-norleucine-7-D-phenylalanine (NDP)-MSH, MTII, ACTH(1-24), b-MSH, c 2 -MSH (Bachem, Terrance, CA, USA), and human Agouti-related Protein [hAGRP(87-132); Peptides International, Louisville, KY, USA]. The melanocortin tetrapeptide JRH887-9 (Ac-His-DPhe-Arg-Trp-NH 2 ) was synthesized in our laboratory as previously reported (48) .
hMC4R in vitro receptor mutagenesis
The human wild-type (WT) N-terminal Flag-tagged hMC4R cDNA was generously provided by Dr Robert Mackenzie (30) , and was subcloned into the pBluescript plasmid (Stratagene, La Jolla, CA, USA) for subsequent mutagenesis. In vitro hMC4R mutagenesis was performed as described previously (49) . Amino acid modifications of the hMC4R were introduced by applying a polymerase chain reaction (PCR) strategy using pfu turbo polymerase (Stratagene) and a complementary set of primers containing the nucleotide mutation(s) resulting in the desired residue change. After completion of the PCR (95°C for 30 s, 12 cycles of 95°C for 30 s, 55°C for 1 min, 68°C for 9 min) the product was purified (Qiaquick PCR Purification Kit, Qiagen, Valencia, CA, USA) and eluted in water. Subsequently, the sample was cut with DpnI (Invitrogen, Carlsbad, CA, USA) to linearize the WT template DNA leaving only nicked circularized mutant DNA. The mutant hMC4R DNA was then transformed into competent DH5a Escherichia coli cells. Single colonies were selected and the presence of the desired mutant was verified by DNA sequencing. The DNA containing the mutant was then excised and subcloned into the HindIII/XbaI restriction sites of the pCDNA 3 expression vector (Invitrogen). Complete Flag-hMC4R sequences were confirmed free of PCR nucleotide base errors by DNA sequencing (University of Florida sequencing core facilities).
Generation of stable cell lines
Human embryonic kidney-293 (HEK-293) cells were maintained as described previously (49) in Dulbecco's Modified Eagle's medium (DMEM) with 10% fetal calf serum and seeded 1 day prior to transfection at 1 · 10 6 cells/100-mm dish. Wild-type and mutant DNA in the pCDNA 3 expression vector (20 lg) were transfected using the calcium phosphate method (50) . Stable receptor populations were generated using G418 selection (0.7-1 mg/mL) for subsequent bioassay analysis.
cAMP-based functional bioassay
Human embryonic kidney-293 cells stably expressing WT and mutant receptors were transfected with 4 lg of cAMP response element (CRE)/b-galactosidase reporter gene as previously described (49, 51 were determined by the ability of this ligand to competitively displace the MTII agonist in a dose-dependent manner. The pA 2 values were generated using the Schild analysis method (52) . Statistical analysis was performed using a Student's t-test.
Transient transfection bioassay
Human embryonic kidney-293 cells were maintained in DMEM with 10% fetal calf serum and seeded 1 day prior to transfection at 2 · 10 6 cells/100-mm dish. Mutant and WT plasmid DNAs were transfected in a single experiment at different concentrations, as shown in Table 1 , using the calcium phosphate method (50) . Cells were incubated overnight at 35°C and 3% CO 2 , and the colorimetric reporter gene bioassays were performed as described above, with the exception that dose-response curves of compounds were omitted, only the basal and forskolin values were measured (49, 53) . 
FACS analysis of wild-type and mutant Flagtagged hMC4 receptors
Fluorescence-activated cell sorting (FACS) analysis of N-terminally Flag-tagged WT and mutant hMC4R was performed as described previously for the detection of the intracellular protein cyclo-oxygenase/prostaglandin synthase 2 (COX2/PGS 2 ) (56). The protocol was modified by using an allophycocyanin (APC)-conjugated anti-Flag monoclonal antibody (Prozyme, San Leandro, CA, USA) for both, cell surface and intracellular detection of the Flag-hMC4Rs. To detect cell surface expression of WT and mutant Flag-hMC4Rs, cells were incubated 45 min with APC-conjugated anti-Flag monoclonal antibody at a concentration of 1 lg/million cells. To detect the total (surface and intracellular) receptor expression cells were subsequently permeabilized with saponin buffer and stained an additional hour with the APC-conjugated anti-Flag monoclonal antibody. Unlabeled cells were used to set the background fluorescence staining for these analyses. BD Biosciences (San Jose, CA, USA) FACS Calibur flow cytometers were used to collect both stained cell percentages (surface and total) and mean fluorescence data were measured from a minimum of 10 000 collected events per sample. Experiments were repeated three independent times. The data are presented as the mean of the three experiments (€SEM). Statistical analysis was performed using a Student's t-test.
Three-dimensional hMC4R homology molecular modeling studies
Homology modeling of the hMC4R in the 'inactive' state in complex with AGRP (25), and in the 'active' state in complex with NDP-MSH (57), were derived based upon the crystal structure of rhodopsin (PDB-ID: 1 gzm) (58) . The modeling of the active receptor conformation satisfied distance constraints resulting from modifications (disulfides, metal-binding clusters, hydrogen bonds between neighboring polar residues) that facilitate activation, which were applied in distance geometry calculations, as was described for modeling of the active conformation of the l-opioid receptor (59) . Based upon receptor mutagenesis and modeling results it has been previously proposed that for the MCRs, a b-hairpin is formed in the extracellular loop 1 (EL1; as in bacterial rhodopsins), and an additional short b-strand in the N-terminal segment is attached to EL3 by a disulfide bond between Cys 40 and Cys
279
, and another important disulfide bond Cys 271 -Cys 277 connects the EL3 to TM6 (25) . Sequence alignment of MCRs and rhodopsin (25) assumes the disappearance of an a-aneurism [an insertion of an extra-residue(s) in an a-helix] in TM2 that is present in rhodopsin (60), but conservation of the a-aneurism in TM5 found in the rhodopsin crystal structure. In order to understand the results of the L250 mutations to Ala, Glu, Phe, Lys, Asn, Arg, and Gln the L250 side chain was substituted in the active and the inactive MC4R models to the corresponding side chains and the side chain rotamers were adjusted to avoid steric overlap and to provide favorable interactions (hydrogen bonds and van der Waals) with neighboring residues. Final energy minimization of all hMC4R models was performed using the CHARM (61) potential with e ¼ 10, and utilizing the adopted basic Newton-Raphson method (50-iterations). The models of the hMC4R in the 'active' and 'inactive' conformation can be found on the web site: http://mosberglab. phar.umich.edu/resources/index.php.
hMC4R residue numbering
Highly conserved GPCR residues in the TM domain of the hMC4R and other GPCRs are given two numbering schemes. First, residues are numbered according to their positions in the receptor amino acid sequence. Secondly, residues are numbered relative to the most conserved residue in the TM in which it is located (N1, N2). N1 refers to the TM number, and N2 refers to the position of the residue relative to the most conserved one with numbers decreasing towards the N-terminus and increasing toward the C-terminus. The most conserved residue is assigned the position number 50, e.g. P299 (7.50) and therefore D298 (7.49) and Y302 (7.53) . This numbering scheme simplifies the identification of aligned residues in different GPCRs (62) .
Animals
Seven adult male Sprague-Dawley rats (250-300 g, Charles Rivers) were utilized in these studies. All animals were treated humanely and protocols have been approved by the University of Florida Animal Care and Use Committee (IACUC). For the immunohistochemical study of hypothalamic arcuate neurons and their terminals, three rats were injected ICV with 120 mg colchicine in 10 lL 0.9% saline 24 h prior to cardiac perfusion. To increase the expression of AGRP, four rats were food deprived for 48 h and ICV injected with colchicine 24 h prior to kill to block axonal transport and increase the quantity of peptide in the neuronal cell bodies. Rodents were anesthetized i.p. with sodium pentobarbital and perfused via the ascending aorta with 0.9% sodium chloride solution (37°C), followed by a mixture of formalin and picric acid (4% paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer, pH 6.9, 37°C). The brains were rapidly dissected out, immersed in the same fixative for 12 h, and subsequently rinsed in 0.1 M phosphate buffer, pH 7.4 and stored at )20°C until utilized.
Immunohistochemistry
For double labeling of the a-MSH and AGRP proteins, floating sections were incubated sequentially in: (i) 1% BSA in PBS for 1 h; (ii) a mixture of two primary antibodies, sheep anti-a-MSH (diluted 1:2000; Chemicon, Temecula, CA, USA) and rabbit anti-AGRP (diluted 1:1000; Phoenix Pharmaceuticals, Belmont, CA, USA), which were diluted with 0.1% BSA and 5% Triton in PBS for 48 h; and (iii) two secondary antibodies, Cy3-conjugated donkey anti-sheep immunoglobulin G (IgG; diluted 1:100) and Cy2-conjugated donkey anti-rabbit IgG (diluted 1:100, Jackson Immunoresearch Laboratories, West Grove, PA, USA) in PBS for 24 h. The sections were rinsed in PBS for 30 min at room temperature between each incubation step. Sections were mounted on gelatin-coated slides and coverslipped. After processing, the sections were examined in a Zeiss (Germany) fluorescence microscope equipped by digital camera (Sony, Japan) using appropriate filters. For confocal microscopy, samples were recorded using a Zeiss LSM410 instrument. Approximately 30 optical slices of 0.5 lm thickness were sampled and combined to produce composite confocal images. All manipulations with contrast and illumination on color images are made using ADOBE PHOTOSHOP 6.0 software on a Windows PC.
Results
The primary sequences of the endogenous melanocortin agonists a-MSH, b-MSH, c 2 -MSH, and ACTH(1-24) (10,11), the synthetic melanocortin agonists NDP-MSH (63), MTII (19) , and JRH887-9 (48), and the endogenous MC4R antagonist hAGRP(87-132) (8) used in this study are summarized in Table 2 . Endogenous and synthetic agonists as well as the hAGRP(87-132) antagonist were included in this study to identify potential differences in ligand-receptor interactions between these structurally different compounds. To determine the molecular mechanism of constitutive activity of the L250Q
L250X hMC4R
hMC4R, in vitro mutagenesis was performed by mutating residue Leu250 (6.40) of the hMC4R to Ala, Glu, Phe, Lys, Asn, Arg, and Gln to determine requirements at this position for constitutive activation. Amino acids for receptor mutagenesis were systematically selected based upon differences in charge, hydrophobicity, aromaticity or size of the side chains of the amino acids. Figure 1 illustrates a two-dimensional (2D) model of the hMC4R and emphasizes the putative receptor residues implicated in 'activation' and maintaining the 'active' or 'inactive' receptor conformation in WT and mutant hMC4Rs.
Mutation of L250 does not affect ligand-binding affinity of the hMC4R Agonist pharmacology observed at the wildtype and mutant hMC4Rs Table 4 summarizes the mean agonist EC 50 values (€SEM) of the peptides examined at the WT and mutant hMC4Rs. Figure 2 illustrates the functional agonist pharmacology of the WT control and the seven modified hMC4Rs generated in this study. The ligands Proneth et al.
used in this experiment (Table 2) were selected to test and differentiate ligand-receptor interactions between the endogenous linear agonist peptides a-MSH, b-MSH, c 2 -MSH, and ACTH(1-24), the synthetic linear analog of a-MSH [NDP-MSH (63)], the cyclic synthetic agonist MTII (19) , and the synthetic tetrapeptide JRH887-9 (48). At the WT hMC4R, the endogenous agonists a-MSH, b-MSH, and ACTH(1-24) and the synthetic tetrapeptide JRH887-9 all possessed essentially equipotent activity. The synthetic superpotent NDP-MSH and MTII agonist ligands possessed sub-nM potencies while the endogenous agonist c 2 -MSH possessed approximately 200-fold decreased potency when compared with the other endogenous agonists at the hMC4R. The a-MSH ligand was equipotent at the L250N hMC4Rs, slightly reduced potency at the L250F, L250K, L250E, and L250Q hMC4Rs, and significantly decreased potency at the L250A (39-fold) and L250R (65-fold) hMC4Rs, when compared with the WT control. When compared with the control hMC4R, the b-MSH agonist ligand possessed 15-to 33-fold decreased potency at the L250F, L250Q, and L250N hMC4Rs and significantly decreased potency at the L250A (43-fold), L250R (165-fold), L250K (70-fold), and L250E (41-fold). The endogenous c 2 -MSH agonist essentially possessed equipotent pharmacology at all the mutant hMC4Rs examined in this study. Relative to the WT hMC4R, ACTH(1-24) possessed 14-to 27-fold reduced potency at the L250F, L250E, L250Q, and L250N hMC4Rs, 55-to 58-fold decreased potency at the L250A and L250K hMC4Rs, respectively, and 220-fold reduced agonist potency at the L250R. The synthetic cyclic MTII peptide resulted in nearly equipotent WT activity at the L250F, L250E, L250Q, and L250N hMC4Rs, 14-to 18-fold decreased potency at the L250A and L250K hMC4Rs and 39-fold decreased potency at the L250R hMC4R. NDP-MSH possessed five-to sevenfold reduced potency at the L250F and L250Q hMC4Rs, 21-to 33-fold decreased potency at the L250A, L250E, and L250N hMC4Rs and 44-to 78-fold decreased potency at the L250K and L250R hMC4Rs, respectively. Interestingly, the tetrapeptide JRH887-9 (AcHis-D-Phe-Arg-Trp-NH 2 ) possessed equipotent activity at the L250A, L250Q, and L250N hMC4Rs, and slightly reduced potency at the L250F, L250R, L250K, and L250E hMC4Rs. Overall, the structurally distinct endogenous and synthetic melanocortin agonist ligands 
Chem Biol Drug Des 2006; 67: 215-229examined in this study possess distinct pharmacologic profiles at the WT and mutant hMC4Rs.
L250X hMC4R constitutive activation
It has been previously demonstrated that the L250Q hMC4R polymorphism results in a constitutively active receptor that possesses increased cellular basal activity in the absence of agonist ligand (17, 35, 40) . Figure 3 illustrates the basal activities observed for the stably expressed hMC4Rs examined in this study. Relative to the WT hMC4R, the L250F hMC4R possesses reduced basal activity (p < 0.05), the L250A hMC4R has equipotent basal activity, and the L250R, L250K, L250E, and L250N possess increased basal activity (p < 0.01). Transient transfection assays have been used to ascertain if a receptor is a candidate as a constitutively active receptor versus possessing an artifact related to cell surface expression levels (49, 53, 64) . Figure 4 summarizes the transient transfection of the hMC4Rs examined in this study and supports the hypothesis that the L250E, L250Q, and L250N hMC4Rs are constitutively active GPCRs. The L250K hMC4R possesses increased basal activity with increasing DNA concentrations when compared with the WT, L250F, L250A, and L250R hMC4Rs and thus may also be considered as constitutively active.
Cell surface expression of wild-type and mutant hMC4 receptors A decrease in relative cell surface expression of the receptor using FACS has previously been proposed as a mechanism of impaired receptor function of the constitutively active mutant L250Q hMC4R (35, 40) . Therefore, we determined the cell surface expression of the WT and mutant hMC4Rs using the N-terminal Flag-hMC4Rs and FACS analysis quantification. Figure 5 summarizes the percentage of cell surface expression of the WT and mutant hMC4Rs stably expressed in HEK-293, relative to the WT hMC4R. Cell surface and total receptor expression of the WT hMC4R were defined as 100%. In Table 5 , the receptor cell surface expression of WT and mutant hMC4Rs are compared with the functional activity of a-MSH at those receptors and their status as constitutively active receptors. The mutant hMC4Rs L250A, L250F, and L250R possessed receptor cell surface expression levels of 57%, 46%, and 52%, relative to the WT hMC4R. The L250K mutant hMC4R which shows intermediate and constitutive activation and possessed cell surface expression levels of 58% relative to the WT hMC4R. The constitutively active L250E, L250N, and L250Q mutant hMC4Rs (Figure 3 ) possessed cell surface expression levels of 66%, 54% and 72%, respectively, relative to the WT hMC4R ( Figure 5 , Table 5 ). Thus, there does not appear to be a correlation between the endogenous agonist a-MSH potency and receptor cell surface expression levels.
hAGRP(87-132) antagonist and inverse agonist pharmacology at the wild-type and mutant hMC4Rs Table 6 summarizes the pA 2 values (€SD) of hAGRP(87-132) at the WT and mutant hMC4Rs. Figure 6 illustrates the inverse agonist and antagonist curves of the hAGRP(87-132) ligand at the hMC4Rs examined in this study. The pharmacologic profile of the hAGRP (87-132) ligand at the WT hMC4R presented herein is consistent with previously published results that this ligand possesses inverse agonist activity at both mouse and human MC4Rs (26, 27) . Varying degrees of hAGRP(87-132) inverse agonist activity is observed at the L250K, L250E, L250Q, and L250N hMC4Rs, with the most pronounced effect observed at the L250N hMC4R. These data support the hypothesis that these latter hMC4Rs are constitutively active receptors (Figures 3 and 4) . Interestingly, the hAGRP(87-132) antagonist is equipotent at all the receptors examined in this study within independent experiments and the error, with the exception Table 6 ).
Dual label rat hypothalamic immunohistochemistry
The endogenous melanocortin agonist a-MSH and antagonist AGRP have been reported to be expressed at the mRNA level in the arcuate nucleus (ARC) of the hypothalamus in rodents and primates (65, 66) . Additionally, both the a-MSH and AGRP proteins are expressed in distinct neuronal populations within the ARC and project to brain nuclei that express melanocortin receptor (MC3R and MC4R) mRNA. Because AGRP has been identified to function as an inverse agonist of the MC4R using in vitro heterologous cell lines, we utilized a fasted rat model in attempts to identify any physiologic data that might support the hypothesis that AGRP might function as an inverse agonist in the hypothalamus as well. Confocal microscopy of dual-labeled immunohistochemical hypothalamic coronal sections of fasted and colchicines-treated rats demonstrates the expression of a-MSH and AGRP in different neuronal populations of the ARC (Figure 7A ), consistent with previous results observed for singly labeled samples (65, 66) . Furthermore, in agreement with previous studies (65, 66) , we observed a-MSH and AGRP high-density networks of labeled neuronal fibers in various hypothalamic nuclei of the brain and within the macrostructure of the paraventricular nucleus (PVN; Figure 7) . Interestingly, as illustrated in Figure 7B , distinct subnuclei neuronal populations of the PVN appear to express only hAGRP (green) or a-MSH (red). These data support the hypothesis that hAGRP may possess additional physiologic roles such as inverse agonism, in addition to its well recognized role as an MC3R and MC4R competitive antagonist of the endogenous a-MSH ligand. Furthermore, within the ARC it appears that AGRPexpressing fibers (green) interact with the POMC-expressing neurons (red; Figure 7C ,D), to function in an autoregulatory feedback mechanism, whereas the AGRP-expressing neurons are devoid of POMC-expressing fiber contacts ( Figure 7E ). These data are consistent with previous reports demonstrating neuropeptide Y (NPY)-expressing neurons that co-express AGRP synapse on POMCexpression neurons (67) . These experiments provide physiologic data Figure 5 : Comparison of the wild-type and mutant human Melanocortin-4 Receptor (hMC4R) cell surface and total receptor expression levels using fluorescent-activated cell sorting (FACS). Cell surface and total receptor expression of the wild-type hMC4R were defined as 100% for comparative purposes. The values listed indicate the average of the mean from three independent experiments and the error bars represent the standard error of the mean. Statistical analysis was performed using a Student's t-test with statistical significance indicated as *p < 0.05 and **p < 0.01. Proneth et al.
supporting the hypothesis that the endogenous AGRP ligand appears to possess additional physiologic functions than simply acting as a competitive antagonist of a-MSH at the centrally expressed MCRs. These additional physiologic functions may include autoregulation of POMC-expressing neuronal homeostasis and perhaps as an inverse agonist in subnuclei that are not innervated by the a-MSH agonist.
Discussion
Herein, we investigated not only the mechanism by which a naturally occurring L250Q mutant hMC4R (found in a severely obese woman) might contribute to the obesity development in this patient, but also the molecular mechanism and requirements responsible for constitutive receptor activation of the hMC4R. The melanocortin system, in particular the MC4R, plays a major physiologic role in obesity, satiety, and energy homeostasis in both humans and rodents (12) (13) (14) (15) (16) 28, 29) . Since the first discovery of naturally occurring mutations in the hMC4R in severely obese patients in 1998 (28, 29) , a large number of polymorphisms in the MC4R have been discovered in morbidly obese children and adults (17, 18, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . However, the molecular mechanisms by which these mutations alter receptor function and subsequently may cause obesity are currently being unraveled by several research groups (17, 18, 35, 42, 47) . Multiple studies have been undertaken to characterize these mutant receptors functionally in vitro using heterologous cell lines transiently or stably expressing polymorphic hMC4Rs. Current hypotheses for hMC4R polymorphic receptor malfunction associated with an obese human phenotype include modified potency of the endogenous melanocortin agonists, truncated or structurally non-functional receptors, and decreased cell surface expression and intracellular 
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Chem Biol Drug Des 2006; 67: 215-229 retention in the endoplasmic reticulum (17, 18, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . However, none of the above proposed mechanisms singly could explain the mechanism by which the constitutively active L250Q mutant MC4R may be involved in obesity development in humans. Binding affinities of the melanocortin agonist NDP-MSH and the antagonist/ inverse agonist hAGRP(87-132) ligands to the L250Q polymorphic receptor hMC4R are equipotent to the WT hMC4R (Table 3) , which indicates that this L250 (6.40) residue is not important for ligand binding or the molecular recognition aspects of ligand-receptor interactions. A decrease in relative cell surface expression using FACS has been proposed as a mechanism of impaired receptor function of the mutant L250Q hMC4R (35, 40) , but this alone ( Figure 5 , Table 5 ) in the context of a heterozygote genotype of a morbidly obese female patient with a body mass index (BMI) of 59 (17), does not correlated well with a constitutively active hMC4R, which based upon current research would be hypothesized to result in a lean phenotype. This rationale led us to the hypothesis that AGRP may act as inverse agonist at this constitutively active polymorphic L250Q hMC4R, thus decreasing the high basal cAMP levels. Herein, we have demonstrated that hAGRP(87-132) is able to dose-dependently suppress basal activity of the L250Q hMC4R to levels similar to the basal activity of the WT hMC4R ( Figure 6 ). The identification of AGRP as inverse agonist (25) (26) (27) provided evidence that AGRP may play an alternative role in energy homeostasis, in addition to competitive antagonism of a-MSH (26, 27) . Furthermore, AGRP could have a physiologic function in and of itself, thus acting both independently and in concert with the POMC-derived melanocortin agonist a-MSH (26, 27) . The endogenous AGRP ligand is expressed in neurons of the ARC (Figure 7 ) in the hypothalamus of the brain and is implicated in the regulation of energy homeostasis (8, 21) . These AGRP-containing neurons are near the POMC-containing ARC neurons that produce the MCR agonist a-MSH (68) (69) (70) (71) (72) . It has been shown that during chronic food restriction, mRNA levels encoding the orexigenic peptide AGRP are increased (8, 21) and mRNA levels encoding the prohormone POMC of the anorexigenic peptide a-MSH are decreased in the hypothalamus (73, 74) . It has also been suggested that regulation of MC4R signaling in the hypothalamus could be mediated primarily by changes in AGRP expression rather than POMC, the precursor of a-MSH (69) . Based upon these data, we hypothesize that increased basal cAMP levels, as observed at the constitutively active L250Q hMC4R mutant receptor could mimic chronic food restriction and subsequently trigger increased AGRP release from nearby situated AGRP neurons ( Figure 7) . Thus, AGRP could decrease the basal activity of the receptor by acting as inverse agonist and modify the POMC-derived agonist homeostasis in adjoining ARC neurons (Figure 7 ), resulting in a counterregulatory action of increased appetite and hyperphagia which in turn may lead to the development of obesity in this patient. Additionally, it has been demonstrated that AGRP can cause a long-term orexigenic effect, which completely blocks the anorectic effect of the synthetic MTII agonist (23) . This observation would support the hyperphagia and obesity observed in the L250Q patient. However, the extent and the physiologic mechanism by which AGRP and the constitutively active L250Q mutant hMC4R contribute to the obesity development in the 'L250Q phenotype' remain to be experimentally verified using in vivo physiologic studies. An additional physiologic mechanism may be that the constitutive activation of L250Q is accompanied by the constitutive desensitization of the L250Q hMC4R and its sequestration into the internal vesicles. This would decrease the number of functional receptors on the neuronal membrane. Similar effects have been previously observed for a number of constitutively active mutants of GPCRs, such as mutant b-adrenoreceptors (75) and rhodopsin mutants causing congenital night blindness (76) . Again, further studies need to be performed to examine this possible alternative mechanism.
Hypothesized molecular mechanism of the constitutively active L250Q hMC4R
To understand the putative molecular mechanisms by which the L250Q hMC4R human polymorphism results in a constitutively active GPCR, we systematically mutated the L250 residue to Ala, Glu, Phe, Lys, Asn, Arg, and Gln in order to determine the requirements at this position that are necessary for hMC4R constitutive activation. Amino acids for receptor mutagenesis were selected due to differences in hydrophobicity, charge, size, length of the side chain, and aromaticity to test our hypothesis that this L250Q hMC4R modifies the different 'active' and 'inactive' receptor populations of the GPCR ternary complex model, specifically via intramolecular interactions with TM3 and TM7 residues. We observed that L250N, L250Q, and L250E hMC4Rs possessed significantly increased basal activity (p < 0.001) when compared with the WT control with L250N > L250Q > L250E (Figure 3 ). Based upon the transient transfection experiment (Figure 4 ), the L250K hMC4R possessed moderate constitutive activation and the L250F, L250A, and L250R hMC4Rs were not constitutively active. Competitive antagonists can act as inverse agonists at constitutively active GPCRs (77, 78) and indeed, we have observed inverse agonist activity of the hAGRP(87-132) at the constitutively active L250E, L250Q, and L250N hMC4Rs ( Figure 6 ). At the non-constitutively active L250F, L250A, and L250R mutant hMC4Rs, hAGRP(87-132) possessed normal competitive antagonist activity with little observable inverse agonist activity.
The hMC4R mutagenesis results observed in the study presented herein, might be explained using theoretical three-dimensional (3D) homology molecular models of an active (agonist-bound) and an inactive (antagonist-bound) conformation of the hMC4R. The models used herein have been developed based on a number of experimental constraints collected for different GPCRs and MC4R ligand and receptor mutagenesis studies (25, 57) . Numerous experimental studies provide evidence for the conformational changes during activation of the receptors, such as side chain rearrangement leading to the disruption of inactivating intermolecular constraints, rotation, and shift of TM6 and some adjustment of all other helices (79-81). The major difference between models of the 'active' and 'inactive' hMC4R state is the putative large movement of the TMs creating a water-filled cavity between the intracellular segments of TMs 6, 3, and 7, and the rearrangement of hydrogen bond networks between the TMs (79, 81, 82) . For example, the hydrogen bond network between residues D146 (3.49), R147 (3.50), and N240 (6.30) in the inactive state model of the hMC4R is replaced by a hydrogen bond system between residues R147 (3.50), Y212 (5.58), and Y302 (7.53) in the model of the active state ( Figure 8 ) (25, 57) . In fact, the essential role of the side chain interactions of Asp/Glu (3.49), Arg (3.50), Tyr (5.58), and Tyr (7.53) during GPCR activation have been experimentally supported (79, 81, 83, 84) .
Our theoretical modeling studies reveal a putative significant change in the environment of the L250 residue during activation of hMC4R. In the model of the 'inactive' receptor state L250 (6.40) occupies a hydrophobic site between TMs 3, 6, and 7 formed by residues L140 (3.43), I143 (3.46), L247 (6.37), F254 (6.44), I301 (7.52), Y302 (7.53). In the 'active' state model the space between TM3 and TM6 is enlarged and the L250 side chain faces the water-filled cavity, while retaining weakened hydrophobic contacts with TM7. The substitution of L250 by the bulky aromatic side chain of Phe may increase the hydrophobic interactions between TMs 3, 6, and 7 and therefore may be advantageous for keeping the receptor in the 'inactive' conformation ( Figure 8A ). In contrast, the L250 substitution by polar side chains of Asn, Gln, and Glu (but not Lys and Arg) would not only destabilize the hydrophobic interactions suitable for the 'inactive' state, but also may be involved in the formation of interhelical hydrogen bonds with R147 (3.49) and Y212 (5.58) appropriate for the 'active' receptor state ( Figure 8B ). Such hydrogen bond interactions that stabilize the 'active' receptor state would explain the increased constitutive activity of the L250N, L250Q, and L250E mutants of hMC4R. A similar mechanism may account for the observed constitutive activity of M257N, M257Y, and M257S mutants of rhodopsin (86) . Therefore, L250N, L250Q, and L250E hMC4R mutations represent the rare case of constitutively active mutants that are caused by the stabilization of the 'active' conformation rather than by destabilization of the 'inactive' receptor state. Another example of a mutation that may lock the receptor in the active conformation has been recently observed for the L457R mutant of lutropin receptor (85) in which the active conformation is stabilized by formation of a salt bridge between residues R457 in TM3 (3.43) and D578 in TM6 (6.44). Changes in the potency of different agonist ligands at the different L250X hMC4R mutants may be related to the continuum of receptor substates that has been hypothesized to be formed in the presence of different ligands (86) (87) (88) . Some of the activated receptor substates are appropriate for the interaction with specific G-proteins, kinases, b-arrestins or other proteins interacting with activated receptors (89) . The results of this study demonstrating increased basal activity of L250N, L250Q, and L250E (6.40) mutants of the hMC4R, in addition to previous reports of constitutive activity of corresponding M257N and M257Y (6.40) mutants in rhodopsin (90) indicate that residue 6.40 may have an important structural role for GPCR activation, regulating the position of TM6 relative to TM3 and TM7. The different lengths of the Glu and Asn side chains and the putative different strength of Glu and Gln interactions with R147 (3.50) may favor formation of several active substates characterized by dissimilar positions of TM6 relative to the rest of the receptor (59) . Indeed, the L250N, L250Q, and L250E hMC4R mutants demonstrated different levels of increased basal activity (Figures 3  and 4 ) and of agonist potency changes ( Table 4) . The L250N mutant, with the highest constitutive activity, probably has a side chain length more suitable for the formation of a hydrogen bond with R147 (3.50) and for the placement of TM6 that provides most effective activation of G-protein. The L250N, L250Q, and L250E mutants may also be constitutively phosphorylated at different levels and to a certain extent may lead to long-term desensitization and downregulation of the receptor number at the cell surface. However, this latter speculation remains to be experimentally verified. The presence of the polar, basic side chains of K250 or R250 putatively decrease the hydrophobic interactions placing TMs 3, 6, and 7 in the 'inactive' receptor, but do not provide the hydrogen bonding interactions necessary for stabilizing the 'active' state. Therefore, the basal activity of the corresponding L250K and L250R mutants were relatively low. Moreover, the R250 side chain may form hydrogen bonds with S136 (3.39), D298 (7.49), and Y302 (7.53), appropriate for the 'inactive-like' rather then for the 'activelike' receptor conformation. This could explain the minimal level of constitutive activation of the L250R mutant and the decreased agonist potency in this case (Table 4 ). The small side chain of the L250A mutant probably destabilizes both 'active' and 'inactive' states, thus causing decreased potency of agonists. The bulky L250F side chain can reinforce TM6-7 interactions and impede separation of these helices upon receptor activation, which would decrease the amount of activated receptors. This would explain the reduced potency of agonists at the mutant L250F hMC4R. On the other hand, the smaller hydrophobic side chain of L250 in the WT hMC4R may have smaller stabilization effect on the inactive conformation, leading to a higher population of activated receptors upon agonist binding. These mechanistic speculations remain to be experimentally verified; however, based upon the data generated in this study, these speculations provide specific molecular hypotheses to be further examined.
Conclusions and Future Directions
In conclusion, by performing receptor mutagenesis and creating seven hMC4R mutations at position 250 (6.40), we have identified requirements for receptor stimulation of the hMC4R and residues putatively involved in hMC4R activation. We propose that the hMC4R residue L250 is playing a key role in switching the hMC4R from the 'active' to the 'inactive' receptor conformation. These results can be used to gain further insight into the receptor activation mechanism of GPCRs and can be applied to other GPCR systems in order to stabilize the active receptor state for further crystallographic studies. We have generated experimental evidence that AGRP functions as an in vitro inverse agonist at the constitutively active L250Q hMC4R, and physiologic data supporting the hypothesis for additional functional roles for AGRP besides a competitive antagonist in the brain. These data taken together support the hypothesis that in addition to reduced cell surface expression, inverse agonist activity of the hAGRP antagonist may provide the molecular basis to explain the unanticipated phenotype of the obese phenotype associated with the constitutively active L250Q hMC4R.
